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Thermal property and failure behaviors of Gd doped LaZrCeO
coatings with feathery microstructure

Zaoyu Shen

"% Guanxi Liu', Limin He', Rende Mu' and Jianwei Dai'

LaZrCeO coatings are promising candidates to substitute Y,0s-stabilized ZrO, in advanced gas turbine engines. In this study, Gd
doped LaZrCeO coatings were deposited by electron beam physical vapor deposition. This study focuses on the phase,
microstructure, thermal property, and thermal durability of (La;.,Gd,),(Zro,Ce3),0; coatings. The as-deposited coatings show
relatively good thermal shock life and thermal cycling life. The broken regions are observed on the interface of thermal barrier
coatings. The failure behaviors are relevant with crack evolution and thermally grown oxide growth. This study might guide the

investigation of advanced coatings under high temperature.
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INTRODUCTION

In recent years, the demand for advanced gas-turbines is growing
along with the development of related aviation manufacturing
technology. Thermal barrier coatings (TBCs) play a key role in the
development of next-generation gas-turbine engines'2 As we
know, the efficiency and power output are related to the gas
temperature of gas-turbine engines. Thus, the application of TBCs
is urgently required in order to secure service life in high
temperature and extreme conditions. In general, TBCs are metallic
coatings + ceramic coatings duplex systems in order to provide
thermal insulation to turbine blades and vane blades. Nowadays,
Y,03-stabilized ZrO, (YSZ) is already applied in gas-turbine
engines that mainly include stable tetragonal prime phase?.
Nevertheless, YSZ usually shows the low thermal durability and
premature failure due to the phase instability and low sintering
resistance (>1180°C)°.

In order to improve thermal durability, researchers have
designed muti-coatings and explored novel ceramic materials>~.
The novel ceramic materials (LayZr,0;, Gd,Zr,0, La,Ce,0,
Sm,Zr,0, and so on) have been studied to substitute YSZ’'°.
Among these interesting ceramic materials, La,Zr,0; (LZ) has
received much more attention owing to the lower thermal
conductivity compared with YSZ’. To further reduce thermal
conductivity, the heavy rare elements (Ce, Sm, Yb, Er) have been
selected to substitute for A site or B site in LZ ceramics®'317:18 The
doping of substitution elements will introduce point defects into
the LayZr,0; crystal, which can improve the phonon-point defect
scattering leading to the reduction of thermal conductivity. On the
other hand, the heavy rare elements doping in LZ also exhibit a
high thermal expansion coefficient and phase stability in
comparison to YSZ'%2°, The high thermal expansion coefficient
and phase stability of TBCs can alleviate residual stress and
improve thermal protection ability leading to high thermal cycling
life. In our previous work, La,(Zry;Ceq3),07 (LZ7C3) exhibits high
TEC and high thermal property'®. However, seldom work focuses
on the La site substitution (Gd doping) of LZ7C3 ceramics and
their TBCs. In particular, the effects of Gd substitution on the
structure, thermal conductivity, and thermal durability have yet to
be studied in the literature. Furthermore, the relationship of cracks

evolution and TGO growth still remain challenging in the study of
TBCs failure.

The objective of the work is to study the (La;_Gd,)»(Zro;Ceq3),07
as advanced TBCs. The (Lai,Gd,),(Zro7Cep3),0; coatings were
prepared by electron beam-physical vapor deposition. The phase,
composition, and microstructure of (La;Gd,),(Zro;Ceq3),0; coat-
ings were investigated by XRD, SEM, EDS, EPMA, and TEM. The
relationship between cracks evolution and interface stability has
been investigated in this work.

RESULTS AND DISCUSSIONS
Phase structure

As shown in XRD patterns, all the (La;,Gd,)»(Zro7Cep3)-05
coatings deposited by EB-PVD are detected by a cubic pyrochlore
structure (JCPDS No.17-0450). In our previous work, the LaZrCeO
coatings exhibit a cubic pyrochlore structure by EB-PVD'*'6, In
the La,Zr,0, phase structure, La substitution by similar lantha-
nides (Gd, Sm, Ce) would remain the pyrochlore structure*’. The
radius of La>* (0.116 nm) is similar to the Gd>* (0.105 nm) that is
both much bigger than the radius of Zr** (0.072 nm). The ionic
radius ratio of Gd3*/zr** and La3*/Zr**is about 1.46 and 1.61
which is large than 1.44. Therefore, the pyrochlore typed
(La;Gd,)»(Zrg7Ceg3),07 is comparatively tolerant to Gd substitu-
tion in this work.

As shown in XRD patterns, the peaks at 20 = 28.68°, 33.26°,
47.60°, 56.50°, 59.36°, 69.72°, 77.02°, 79.42°, and 88.82° could be
indexed to the (222), (400), (440), (622), (444), (800), (622), (840),
and (844) plane of La,Zr,0;, respectively. Furthermore, the peaks
at 20 = 36.32° and 43.54° are indexed to the (331) and (511) that
are the characteristic peak of pyrochlore structure. The peaks
position of (La;,Gd,),(Zrg,Ce3),07 is not changed compared to
LaZrCeO, indicating that the Gd substitution into the La lattice
does not change the crystal structure. Furthermore, according to
the peaks intensity, the peaks at 28.68° are the growth direction of
(La;,Gd,),(Zrg7Ceg3),0, coatings. That means, the growth orien-
tation of (La;,Gd,),(Zro,Cep3),0; occurs in the (222) crystal
direction (Fig. 1).
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Microstructure
The cross-section morphology of the coatings is shown in Fig. 2a.
Three layers (L7G3Z7C3 + YSZ + NiCoCrAlYHf) are clearly shown in
the TBCs system. The thickness of the three layers is 80-90, 85-95,
and 50-60 um from top to bottom, respectively. The cross-section
morphology of top and middle coatings is columnar structure due
to the high vacuum process of EB-PVD, while the bottom layer is
equiaxed structure due to the PVD process'™. The interface
microstructure between the top layer and the middle layer is
observed by clearly SEM image (Fig. 2b). The columnar structure
continuously grows and extends between two layers. The inter-
face of the two layers also shows relatively smooth bonding.
Due to the deposition sequence, the top layer might be
L7G3Z7C3 coatings and the middle layer might be YSZ coatings,
while the bottom might be NiCoCrAIYHf coatings. As shown in Fig.
2¢, the existence and distribution of La, Gd, Zr, and Ce have been
mainly detected in the top layer corresponding to the L7G3Z7C3.
Furthermore, the existence and distribution of Zr and Y have been
mainly detected in the middle layer corresponding to the YSZ.

Sl = g, &
3] g 3 8 ~ L?;AG;UC;
-~ Z 2 I § €2 3
B el E e ~ H[’\ M\
X bl
|
|
= ﬂ _LsGsz27C3
4 b L7G3Z7C3
g . Ly
ET *
1 J | LZ7C3
] A A J\A, —_—\
[ : P-La,Zr 0O,
I i —i 1 1 ]|| 1

N N 1
20 40 60 80
20 (Deg.)
Fig. 1 XRD patterns of (La;.,Gd,).(Zr,;Ceo3),0; coatings. All the

(La;.xGd,)1(Zr 7Cep3),0; coatings were deposited by EB-PVD under
same condition.

Furthermore, it also reveals the co-existence of Ni, Co, Cr, Al, Y, and
Hf could be detected in the bottom layer corresponding to the
NiCoCrAIYHf. The EDS line scanning of Zr element confirms the
existence of three layers (L7G3Z7C3 + YSZ + NiCoCrAlYHf) in TBCs
system. That is to say, the element distribution is relatively uniform
in TBCs system.

As we know, the high-angle annular dark-field (HAADF) is a
method for investigating hierarchical microstructure with different
atom sensitivity. The method of HAADF detector forms a
Z-contrast image. The intensity of the image contributed by
different atoms is approximately proportional to Z? (Z is the
atomic number), with intensity being greater for heavier atoms
and depending also on the number of atoms in a column?'22, As
shown in Fig. 3, it clearly shows the microstructure of L7G3Z7C3
coatings. Figure 3a is the HAADF image that clearly shows the
obvious feathery microstructure. The feathery microstructure is
mainly composited of nano-sized inter-gaps and pores which run
normal to the ceramic-metal interface due to the EB-PVD process.
Figure 3a is the HAADF image that clearly shows the obvious
feathery microstructure. Furthermore, the HAADF indicates the
uniform distribution of four elements (La, Gd, Zr, Ce, and O) in
L7G3Z7C3 coatings. Figure 3b is the high-resolution transmission
electron microscope (HRTEM) image of L7G3Z7C3 coatings. The
value of lattice space (0.265 nm and 0.192 nm) can be observed in
the L7G3Z7C3 coatings, which correspond to (400) and (440) of
the LayZr,O;. Furthermore, the corresponding SEAD pattern
obtained from the feathery microstructure indicates that the
L7G3Z7C3 coatings are mainly composited of the pyrochlore
structure of LayZr,0O; (Fig. 3c). In general, the feathery structure
has been successfully obtained due to the EB-PVD deposition
which might play a key role in the improvement of strain
tolerance'~.

Thermal property

According to the analyses above, it could be expected that
(La1,Gd,)2(Zrp 7Ceg 3),07 coatings might be used as TBCs under
high temperature. Figure 4 shows the thermal durability of
(La;,Gd,)2(Zrp7Ce03),0; coatings under the same condition
(1373 K 5 min heating/5 min cooling or 55 heating/5 min cooling).
Both thermal shock and cycling life of L7G3Z7C3 coatings exhibit
the highest life (4613 cycles and 602 h) than that of L5G5Z7C3
TBCs and L3G7Z7C3 TBCs. The thermal shock and cycling life of
L7G3Z7C3 coatings has exceeded the majority value of advanced
ceramic coatings in TBCs field?>'%1"17-20_ The enhanced thermal

L7G3Z7C3

M

Fig. 2 Microstructure of as-deposited L7G3Z7C3/YSZ/BC TBCs system. a cross-section morphology, b interface microstructure, and ¢ EDS

line scanning.
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Fig. 3 Microstructure of L7G3Z7C3 coatings. a HADDF, b HRTEM, and ¢ SAED image.
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Fig. 4 Thermal durability of the (La,_Gd,),(Zro ,Ceq3),0; coatings. a Thermal shock life and b Thermal cycling life.
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Fig. 5 Thermal property of (La;.,Gd,),(Zr,7Ceo3),07; and YSZ ceramics. a thermal conductivity at 1200°C and b thermal expansion

coefficient.

durability indicates the key effect of Gd content, that is, the added
Gd component leads to the improvement of thermal protection.

As shown in Fig. 5a, the thermal conductivity of
(Laq.,Gd,)»(Zrp7Ceq3),07 and YSZ ceramics has been measured
at  1200°C. In total, the thermal conductivity of
(Laq_,Gd,)»(Zrg 7Ceq3),05 is about 50% lower than YSZ. Further-
more, it also indicates that the Gd content in LaZrCeO has an
effect on the thermal conductivity. When the Gd is introduced into
the (La;Gd,)»(Zrp7Ceo3)-0; ceramics, the value of thermal
conductivity would decrease with the improvement of Gd
content. The Gd substitution would introduce more point defects
into LaZrCeO, which can further improve the phonon-point defect
scattering leading to the reduction of thermal conductivity?3. In
particular, the L3G7Z7C3 ceramics exhibits the lowest value of
thermal conductivity (1.05W/mK) compared with that of
L5G5Z7C3 and L7G3Z7C3. As we know, the low thermal
conductivity would provide a relatively good thermal protection
to YSZ, BC, and further to the substrate, which might further lead
to the thermal durability extension of TBCs. As shown in Fig. 5b,
the TEC of YSZ and (La;.,Gd,)»(Zro,Ceq3),0; ceramics has been
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detected in the range of 550-1350°C. The L7G3Z7C3 ceramics
exhibits the highest TEC (9.88-10.69*107°K~") among all (La;.
«Gd,)2(Zrp7Ceo3)2,0; ceramics. Generally, the high value of TEC
would provide a relatively good thermal-mechanical protection to
TBCs system. The improvement of TEC attributes to the ionic
radius/ cationic field strength of Gd introduction®*?*. Thus, the
high TEC of L7G3Z7C3 would provide better thermal-mechanical
compatibility to YSZ layer, TGO layer, BC layer, and Ni-based
superalloy leading to the longest thermal durability?®=28. In
addition, large rare-earth ions in Ln,Zr,0; (Ln=Nd, Sm, Gd) can
lead to a stable pyrochlore structure up to 1700 K*7-2, Thus, the
Gd substitution in La,Zr,0;, might lead to a stable pyrochlore
structure under high temperature. The stable effect of Gd content
could further introduce the relatively complex and large defects
that can improve the sintering resistance*’. In particular, the
coatings are formed by vapor condensation and are characterized
by a columnar microstructure with a feathery structure containing
nano-sized inter-gaps and pores which might improve the strain
tolerance, impart in-plane compliance, and thermal shock
resistance leading to the high thermal durability’%2°, Furthermore,
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Fig. 7 EDS line scanning after thermal cycling test. a TBCs and b TGO layer.

the formation of double-layer coatings of L7G3Z7C3/YSZ might
benefit from the higher fracture toughness of the YSZ middle layer
coatings, further providing good adhesion of the TBCs system. In
general, the improvement of TEC, the feathery structure with
nano-sized inter-gaps and pores, and the stable effect of Gd
substitution lead to good thermal durability.

Failure behavior

To clearly elucidate the high thermal durability and intrinsic failure
behavior of TBCs, the cross-section of TBCs and TGO are
investigated after the thermal cycling test. As we know, TGO
growth and cracks evolution strongly influence intrinsic failure
behavior. Figure 6a shows the evolution of the crack in which the
vertical cracks primarily occur on the ceramic layer. Because of the
TEC mismatch among L7G3Z7C3, YSZ and NiCoCrAlYHf, the
vertical cracks have penetrated in L7G3Z7C3 layer and YSZ layer,
and further extended to NiCoCrAlYHf layer. With the heating-
cooling process of the thermal cycling test, the length and width
of vertical cracks also increase in the TGO layer under high
temperature. Due to the TEC mismatch among YSZ, TGO, and
NiCoCrAlYHf layer, the mainly broken regions are observed on
TGO interface after the thermal cycling test. Further observation
indicates that the cracks coalesce into a separation zone leading
to the damage of the connection between YSZ and TGO layer (Fig.
6b). At the end of the thermal test, the vertical and horizontal
cracks have already extended and coalesced in TGO layer. The
massive vertical and horizontal cracks in TGO would lead to the
instability of TBCs system>°-34, The vertical and horizontal cracks
might also reduce the strain tolerance in the TBCs system3>~%7,

npj Materials Degradation (2022) 17

To further study the element evolution, the EDS analyses of
TBCs and TGO is detected after the thermal test. Figure 7a shows
the coexistence of La, Gd, Zr, Ce, and O which has been mainly
detected in L7G3Z7C3 coatings. The element content of coatings
shows relatively stable and uniform distribution under high
temperature. As shown in Fig. 7b, the existence of Al and O is
also relatively uniform distribution in TGO layer. The violet peak is
the position of Al,Os, while the violet valley is the position of
cracks. It indicates that the cracks have spread throughout TGO
layer. To further clearly elucidate the thermal durability and failure
behavior of TBCs at 1100 °C, the cross-section morphology and
EPMA mapping images are detected after the thermal cycling test
(Fig. 8). As shown in Fig. 8a, the thickness of TGO layer is about
15 um. The bright point in the TGO layer might be the element
enrichment zone. As shown in Fig. 8b-h, EPMA mapping images
correspond to Al, O, Zr, Ni, Co, Y, and Hf element, respectively. As
shown in Fig. 8b, ¢, the Al and O element are detected in TGO
layer corresponding to the chemical composition of Al,Os. The
dark zone is the position of cracks. It indicates that the vertical and
horizontal cracks both have spread throughout TGO layer. As
shown in Fig. 8e, the EMPA images clearly show that the Ni
element has been partly diffused and concentrated in the TGO
layer. As shown in Fig. 8f-h, the EMPA images show the Y and Hf
rich zones. It indicates that the Y and Hf two elements are also
partly diffused and concentrated in TGO layer. These results
indicate that the Y-Hf-O oxides have grown and formed in TGO
layer. As thermal cycling proceeds, the TEC and thermal-
mechanical property mismatch among Y-Hf-O oxides, Al,Os; and
BC would lead to the growth and formation of instabilities>2~34, In
addition, the diffusion of BC element might also accelerate the
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Fig. 8 EPMA mapping images of TBCs after thermal cycling test. a cross-section morphology, b Al, ¢ O, d Zr, e Ni, f Co, g Y, and h Hf.

growth and formation of Al,Os and extension and elongation of
cracks leading to the failure of TBCs*®*'. In general, TGO and
crack evolution play a key role in the failure mechanism. This work
might provide some experience to study other advanced TBCs
under high temperature.

In summary, the (La;,Gd,).(Zry,Ceo3),0; coatings are
deposited by EB-PVD. The (La;Gd,),(Zry,Ce3),05; coatings
mainly exhibit a pyrochlore structure. The coatings are
composed of (La;.,Gd,)>(Zry,Ceq3)>07, YSZ, and NiCoCrAlYHf.
The (La;,Gd,)2(Zre7Cep3),05 coatings exhibit a relatively high
thermal durability due to the improvement of TEC, the
formation of feathery structure, and double-layer coatings,
and the stable effect of Gd substitution. The massive vertical
and horizontal cracks in TGO lead to the instability of TBCs
system. TGO and crack evolution play a key role in the failure
mechanism of TBCs. The (La;,Gd,),(Zry7Ce(3),0; coatings
might be one advanced TBCs material.

METHODS
Deposition of TBCs
The substrate material was Ni-based superalloy (30.0 x 10.0 x 1.0 mm). The
composition of substrate material is 12.5 wt.% Co, 6.3 wt.% W and Al, 5.8
wt% Ta and Cr, 22 wt% Re, 1.3 wt% Mo and Ni as balance. The
NiCoCrAIYHf was selected as bond coatings and deposited by physical
vapor deposition technology (PVD, A-1000 Unit, Russia). In the deposition
process, the current was 650 A. The deposition process was completed
below 1x 1072 Pa. The deposition rate of NiCoCrAIYHf is about 0.25 um/
min. Then, the substrate material with NiCoCrAlYHf was annealed under a
high vacuum (<1x10~ Pa) at 870+10°C for 3h to enhance bond
strength. The phase of NiCoCrAIYHf coatings is B phase and Yy’ phase.
The raw materials (>99.99%) of La,0s, Gd,05, ZrO, and CeO, were reacted
at 1500°C for 24 h by solid-state reaction. The L3G7Z7C3, L5G5Z7C3, and
L7G3Z7C3 are short for (La;..Gd,)>(Zro;Ce3)>0; (x=0.3, 0.5, 0.7). The
composition of YSZ was 8.0at.% Y, 92.0at.% Zr and O as balance. The (La;.
Gd,)2(Zrg7Cep3),07 and YSZ were used as ceramic coatings and deposited by
EB-PVD (UE-207S, Ukraine). The chamber pressure was kept in a high vacuum
condition (below 1 x 1072 Pa). The deposition rate of YSZ is about 3.0 um/min,
while the deposition rate of (La;.,Gd,),(Zro7Cey3),0; is about 2.5+ 0.5 pm/
min. The thickness of L3G7Z7C3, L5G5Z7C3, and L7G3Z7C3 is about
80-100 um. The thickness of YSZ is about 80-100 um. The thickness of
NiCoCrAIYHf, YSZ, and (La;.,Gd,),(Zro7Ceq3),0; is obtained by our previous
work and the open literature>*'2,

Published in partnership with CSCP and USTB

Characterizations

The phases of coatings were detected by X-ray diffraction (XRD, D8
Advance). The composition and microstructure of coatings were analyzed
by SEM (FEI-Quanta 600), EDS (Oxford INCAx-sight 6427), and TEM (JEM-
2100F). The element mapping images of coatings were detected by FE-
EPMA (JXA-8100). The specific heat capacities of (La;.,Gd,)»(Zro,Ceo3),07
are calculated by Neumann-Kopprule*2. The thermal conductivity of (La;.
«Gd,)2(Zro7Cep3),0; is calculated by the formula: A=pxaxCp. The
thermal expansion coefficient of ceramics was detected by Netzsch DIL
402C. In the thermal durability test, the coatings were heated at 1373 K for
55 min or 5min in the furnace. Then, the coatings were cooled by air for
5 min. The temperature of TBCs surface is below 300 °C at the end of each
cycle. When the broken area excess 10%, the cycles were regarded as
thermal durability.
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